Antagonistic genetic correlations between growth and reproductive traits exist in broilers, making it difficult to improve these traits simultaneously.
Although the breeding objectives of broilers should include both growth and reproductive traits15), the genetic improvement of reproductive traits is rather difficult mainly because of the cost and labour of the measurements and the low heritabilities4). Furthermore, antagonistic relationships are frequently found between growth and reproductive traits in broilers4-6). Thus, selection with a greater emphasis on the growth traits may cause unfavourable correlated responses in reproductive traits.
Traditionally, the selection index has been used for simultaneous selection of multiple traits1, 27). The theory of selection index was first introduced into animal breeding by Hazel10), who gave a framework index for achieving pre-defined genetic gains in component traits (desired-gain index) without defining any economic weights in the construction of the index. As shown by Itoh and Yamada13), the index of Yamada et al.29) can be interpreted as a general form of the restricted selection index of Kempthorne and Nordskog14) , in which genetic gains in some component traits are restricted to zero.
As an alternative to the restricted selection index, applications of linear programming (LP) techniques have been proposed8, 25). In the applications, mating frequencies8) or mating allocations25) are determined so as to maximize the genetic gain of a trait while keeping the genetic change in the correlated trait to zero. The efficiencies of these methods have been examined in simulated populations of beef cattle25) and cashmere goats7). These studies have shown that although these selection methods give selection responses similar to the restricted index selection, the variance of responses can be drastically reduced by the use of LP techniques. Because of the flexibility of LP techniques9), these methods may be straightforwardly extended to various desired-gain indices12). In this paper, the efficiencies of the desired-gain index and a selection method with LP technique in simulated broiler lines were compared. Both methods were designed to achieve a pre-defined breeding goal of juvenile body weight and age at sexual maturity of hen.
Materials and Methods
Monte Carlo simulation The structure of simulated population was attempted to emulate an actual broiler line (Line 53), which was developed in Hyogo National Livestock Breeding Center. According to the development of Line 5321), a population with discrete generations was supposed, in which Nm=40 males are randomly mated with Nf=280 females with a mating ration of 7 females to one male (d=Nf/Nm=7).
Subscripts m and f refer to male and female, respectively. Each female produces nf=5 progeny of each sex (n=2nf= 10 progeny of both sexes). Each male has nm=dnf= 35 progeny of each sex. The total number of progeny eny, the best Nm males and Nf females are selected as parents of the next generation. The proportions selected for male and female are pm=40/1400=1/35 and pf=280/1400=1/5, respectively. The selected traits were body weight at 6 weeks (BW) and age at sexual maturity (SM) measured by age at first egg. The basic parameters used for simulation was based on the restricted maximum likelihood (REML) analysis of the Line 53. The population means and genetic parameter estimates are shown in Table 1 . Since the two traits have a positive genetic correlation (rg=0.130), selection based only on BW is expected to produce an unfavourable (positive) change in SM. In addition to this basic set, three sets of parameters shown in Table 2 were investigated. Set A is a more severe form of antagonistic selection with a higher genetic correlation (rg=0.5). In Set B, a lower heritability (hBW2=hSM2=0.1) was assigned to both traits. Set C uses the same parameters as the basic set (Table 1) except that a biased genetic correlation (rg=0.5) was used in the construction of selection indices to examine the robustness of selection methods against errors in the estimation of genetic parameters.
Breeding values of a parent (Ai, BW and Ai, SM for BW and SM, respectively) in the initial generation (generation 0) were generated as an N(0,1) distribution. Fifteen generations were simulated, and the number of replicated runs was 300.
Selection schemes Selection with the desired-gain index and combined selection of family index and a linear programming technique were compared.
Both selection methods were designed to achieve the same breeding goal (2,600g of body weight at 6 weeks and 180 days of sexual maturity of hens). To make a fair comparison, exactly the same amount of information was used for the construction of selection indices in the two selection methods. The information used were In the first step of this scheme, the estimate of breeding value of a candidate of sex s (Ai,s,x;x=BW or SM) was obtained from family index, Ai ,s,x=Is,x(FI)=b's,x(FI)Ps,i, where bs,x(FI) is a vector of index weights given by bs,x(FI)=P-1sGsax, and [ Preliminary study with the basic set of parameters verified that the two definitions of objective function lead to an essentially equivalent result. By the constraint (equation 3), the population means of both traits are expected to linearly shift toward the breeding goal as defined by equation (1) . The extension to selection for more than two traits is straightforward.
If breeding goal is defined for k traits, k-1 constraints corresponding to equation (3) should be imposed. The constraint (4) ensures a minimum of Ns parents into the LP solution. As pointed out by Diaz et al. 7) and Famula8), when this constraint is not applied, the LP selects only two parents. In accordance with the previous studies7, 8), most solutions in our simulation selected Ns+1 parents. In order to maintain the same selection intensity as DIS scheme, we selected Ns parents with the largest contributions and set their contributions at 1/Ns. Although this selection is not based exactly on the optimal solution, it is not likely to result in a serious departure from the optimum. This is because in most of the LP solutions, Ns-1 candidates had the same contribution of fi,s=1/Ns and only 2 (or 3 in few cases) candidates had contributions of 0<fi,s<1/Ns. The FORTRAN subroutine supplied by Press et al. 22 ) was used to solve the above LP problem.
In addition to these two selection schemes, selection based only on the estimated breeding values of BW (BWS scheme) was also simulated for the basic set of parameters.
Results and Discussion
Basic set of parameters
In Fig. 1 , the changes of population means averaged over 300 replicates were compared between the two selection schemes. For reference, results from selec- The rates of changes of genetic parameters were similar in DIS and Fl+LP schemes. For example, the heritabilities for BW and SM and the genetic correlation between the two traits after 15 generations of selection changed to 0.281, 0.345 and 0.220 in DIS scheme, and 0.291, 0.342 and 0.257 in FI+LP scheme, respectively. Although these changes of the genetic parameters would reduce the accuracy of selection indices, the shift of population means kept an essentially constant direction in both the schemes (Fig. 1) .
A clear difference was observed between DIS and FI+LP schemes in terms of the variation of genetic gains among replicates. To illustrate the difference, population means of 15 replicates arbitrarily chosen for the two selection schemes are plotted in Fig. 2 . As seen from the figure, the variation of genetic gain under FI+LP scheme was much smaller than under DIS scheme. The variances of genetic gain among 300 replicates are shown in Table 3 . Although FI+ LP scheme reduced the variances of genetic gains in both traits, a more pronounced reduction was observed in SM. This unequal reduction depends on the choice of breeding goal and selection intensity.
The desired genetic gains defined by equation (1) places a greater emphasis on BW and consequently, the gain in SM is more severely restricted. In terms -1 .49, the FI+LP scheme reduced the variance of genetic gain in BW predominantly. The variances for BW and SM of the FI+LP scheme were 10-20% and about 40% of DIS scheme, respectively. In the simulation study of Diaz et al. 7) , where the gain in a trait was maximized with a restriction of zero gain in the other, a larger reduction of the variance of the gain was found in the restricted trait, in agreement with the results observed in our simulation.
In Fig. 3 , the inbreeding coefficients under the three selection schemes are compared.
Both DIS and FI+ LP schemes had a greater inbreeding coefficient than the unrestricted selection (BWS). Of the two re- stricted selection schemes, the FI+LP scheme produced a slightly higher inbreeding than the DIS scheme.
Additional sets of parameters
Simulation results from the additional sets of parameters are summarized in Table 4 . In all cases, a small difference in average genetic gains between DIS and FI+LP schemes, and a much smaller variance of genetic gain under FI+LP scheme were observed.
The inbreeding coefficient was highest in Set B. This is because under selection for low heritable traits (hBW2 =hSM2=0 .1), larger weights were placed on the family information21). When a biased genetic correlation was used in the construction of selection indices (Set DIS scheme was seriously inflated.
As a consequence, only 69% of the replicates in DIS scheme achieved the breeding goal within generation 10 as In selection on multiple traits, the efficiency of selection critically depends on the accuracy in the estimates of genetic parameters11, 23, 24) This will be of special importance in the development of closed broiler lines, since in most cases, accurate estimates of genetic parameters are not available at the initiation of the development. The robustness of FI+LP scheme against error in the estimate of genetic correlation (Set C in Table 4 ) is an additional appealing point in the practical application.
Although we have limited our attention to selection indices with family information, similar conclusions may be drawn from selection on best linear unbiased prediction (BLUP) of breeding values. This is because with the assumption of no fixed effects and non-overlapping generations, index selection with family information and BLUP selection are similar21, 28). One problem to be solved is the increase in inbreed- Table 4 . Mean and variance of cumulative selection response and inbreeding coefficient (F) at generation 15, and proportions (P10 and P15) of replicates achieving the breeding goal within 10 and 15 generations under two selection schemes in simulations with the additional parameter sets defined in Table 2 a) See (Fig. 3) . Because of the high flexibility of LP techniques9), it seems possible that the objective function (equation 2) may be maximized with an additional constraint on the increasing rate of inbreeding (or the average kinship between selected males and females). In addition to this approach, finding an optimum number of individuals to be selected for maximizing selection efficiency will be important. For example, Villanueva et al. 26 ) have described a procedure for obtaining the optimum number of sires and dams for maximizing genetic gain over a specified time period when a specific constraint on the rate of inbreeding was imposed. Application of these methods to broiler breeding will be presented in succeeding reports.
